The Pediatric HIV/AIDS Cohort Study's Surveillance Monitoring of ART Toxicities Study is a prospective cohort study conducted at 22 US sites between 2007 and 2011 that was designed to evaluate the safety of in utero antiretroviral drug exposure in children not infected with human immunodeficiency virus who were born to mothers who were infected. This ongoing study uses a ''trigger-based'' design; that is, initial assessments are conducted on all children, and only those meeting certain thresholds or ''triggers'' undergo more intensive evaluations to determine whether they have had an adverse event (AE). The authors present the estimated rates of AEs for each domain of interest in the Surveillance Monitoring of ART Toxicities Study. They also evaluated the efficiency of this triggerbased design for estimating AE rates and for testing associations between in utero exposures to antiretroviral drugs and AEs. The authors demonstrate that estimated AE rates from the trigger-based design are unbiased after correction for the sensitivity of the trigger for identifying AEs. Even without correcting for bias based on trigger sensitivity, the trigger approach is generally more efficient for estimating AE rates than is evaluating a random sample of the same size. Minor losses in efficiency when comparing AE rates between persons exposed and unexposed in utero to particular antiretroviral drugs or drug classes were observed under most scenarios.
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Widespread use of antiretroviral drug regimens for the prevention of mother-to-child transmission of human immunodeficiency virus (HIV) and for treatment of HIV-infected pregnant women has contributed to a substantial reduction in the number of HIV-infected infants, particularly in resourcerich countries (1) (2) (3) (4) . However, concerns remain about potential adverse consequences of in utero exposure to antiretroviral drugs, particularly the possibility of an increased risk of mitochondrial dysfunction (5) (6) (7) (8) . Nucleoside reverse transcriptase inhibitors inhibit mitochondrial DNA polymerase gamma, and drugs in other classes have also been implicated in mitochondrial DNA dysfunction (9, 10) . Although overt mitochondrial dysfunction is rare, its clinical consequences are severe. The evidence regarding mitochondrial toxicity in HIV-exposed but uninfected children remains equivocal; several studies have not observed associations between in utero antiretroviral exposures and mitochondrial dysfunction in uninfected infants (11) (12) (13) (14) (15) , whereas others have suggested potential associations with nucleoside reverse transcriptase inhibitors either alone or in combination (7, 8, (16) (17) (18) . The expanding use of newer antiretroviral agents intensifies the need to monitor the safety of in utero exposure to antiretroviral drugs.
One complexity in designing studies to evaluate the risk of mitochondrial dysfunction associated with in utero antiretroviral drug exposure is the difficulty in confirming that diagnosis, given that mitochondrial dysfunction manifests with nonspecific symptoms and/or conditions and can only be definitively diagnosed via biopsy or other invasive means. Manifestations of mitochondrial dysfunction include hearing and language impairment, neurologic disorders, delayed neurodevelopment, metabolic abnormalities, and cardiomyopathy. The intensity of evaluations needed to identify potential cases of mitochondrial dysfunction is at odds with the need to maintain a high retention rate, which is a particular challenge in an uninfected population (19) . Because it is expected that severe adverse events (AEs) will be relatively rare in this population, it is neither cost-effective nor beneficial to participants to conduct extensive and potentially invasive assessments on every enrolled child (20, 21) .
As a result of the need to monitor the safety of such prenatal antiretroviral drug exposures in a cost-effective manner, we established a surveillance system to prospectively monitor HIV-uninfected infants born to HIV-infected women for signs of mitochondrial toxicity. The Surveillance Monitoring of ART Toxicities (SMARTT) Study, initiated by the Pediatric HIV/AIDS Cohort Study, was designed with a streamlined set of assessments for all children and more intensive evaluations only for those meeting certain triggers in domains of interest relevant to the risk of mitochondrial dysfunction or other potential AEs of prenatal antiretroviral drug exposure. We present an overview of the design of the SMARTT Study and summarize the estimated rates of AEs for each domain of interest. We also consider the performance of a trigger-based design in terms of bias and efficiency for estimating AE rates and testing associations between in utero exposure to antiretroviral drugs and AEs. On the basis of current guidelines (4), almost all HIV-infected women in high-resource settings receive some antiretroviral drugs during pregnancy, and most receive a combination of antiretroviral drugs referred to as highly active antiretroviral therapy (HAART), thereby precluding comparisons with HIV-infected women who had not taken antiretroviral drugs. However, given the large number of potential combination regimens, identification of individual antiretroviral drugs or combinations of antiretroviral drugs associated with AEs may help guide future treatment recommendations.
MATERIALS AND METHODS

Description of protocol and study population
The Pediatric HIV/AIDS Cohort Study's SMARTT Study opened to participating sites in the United States and Puerto Rico in March 2007 and includes 2 cohorts: the static cohort of children 1-12 years of age at study entry who were previously enrolled in the Pediatric AIDS Clinical Trials Group 219C Late Outcome Study (22) or the Women and Infants Transmission Study (WITS) (23) or for whom detailed information was available on maternal antiretroviral drug use during gestation; and the dynamic cohort of HIV-infected women and their infants enrolled between 22 weeks of gestation and 72 hours after delivery. The static cohort completed enrollment in 2010, but the dynamic cohort is ongoing. The SMARTT Study protocol was approved by human subject research review boards at each of the participating sites and by the Harvard School of Public Health (the data coordinating center of the Pediatric HIV/AIDS Cohort Study). Staff at the local sites obtained written informed consent from the parents or legal guardians of the enrolled children.
At the time of study entry, we obtained the participants' medical histories, including clinical diagnoses and dates of prenatal antiretroviral drug use. We also collected information on birth characteristics (gestational age, birth weight, and mode of delivery) and maternal HIV disease characteristics both early during pregnancy (first or second trimester, if available) and before delivery, including plasma HIV RNA concentrations (viral load), absolute CD4þ lymphocyte cell counts, and the percentage of CD4þ lymphocytes. We obtained overall and trimester-specific information on substance use during pregnancy, including use of alcohol, tobacco, marijuana, opiates, and other substances, as described in greater detail elsewhere (24) . The children's caregivers completed questionnaires on household composition, educational and income levels, past psychiatric or substance use diagnoses, and other information related to family environment. Mothers or caregivers also completed an assessment of cognitive functioning.
After enrollment in this ongoing study, investigators follow up with children and their mothers or caregivers at annual study visits. We collect information on any changes in household situations, along with new diagnoses or illnesses. A complete physical examination is conducted, including anthropometric assessments (height, weight, body mass index (weight (kg)/height (m) 2 ), and skinfold measurement), and point-of-care capillary blood lactate assessments are obtained (25) . Neurodevelopmental, hearing, and language assessments are conducted at specific ages of interest.
The study team defined potential AEs of exposure to antiretroviral drugs during pregnancy in multiple domains for the SMARTT Study based on expert input and existing literature; these included metabolic, growth, neurologic, neurodevelopment, language, hearing, and laboratory abnormalities. For each domain, we established a study trigger based on laboratory, clinical, or screening tests that could be easily conducted without invasive assessments. For example, for children 2 years of age or older, a metabolic trigger was defined as a child's exceeding the age-and sex-specific 95th percentile for body mass index (or for weight-for-length, as appropriate). A complete list of the study triggers is provided in Table 1 . In general, triggers were defined to achieve high sensitivity for identifying potential AEs because it was desirable to capture all children who might have AEs related to antiretroviral medication. This strategy for defining triggers with high sensitivity at the expense of lower specificity was felt to be appropriate for a safety surveillance study.
We requested that children who met the study trigger for a particular domain undergo more detailed prespecified assessments or be evaluated by an appropriate specialist. For example, children meeting the metabolic trigger were asked to provide fasting blood samples and were defined as metabolic cases if they had abnormal lipid levels or evidence of insulin resistance ( Table 1 ). The results of the trigger-based work-up were reviewed by the SMARTT Study Review Panel, a group of clinical, epidemiologic, and statistical experts who developed case definitions for AEs in each of the target domains. The SMARTT Study Review Panel then followed these strict guidelines when determining whether each subject who met a trigger met the corresponding case definition for the various AEs.
Statistical implications of trigger-based study design
Implications for estimation of AE rates. Although the triggerbased design is cost-effective and allows the most detailed evaluations to be conducted on persons at highest risk of an AE, it has implications for the statistical estimation of AE rates. The true prevalence, p AE , of an AE in a particular domain can be expressed as the sum of probabilities of an AE either with or without meeting a trigger:
where T is the event of meeting a trigger for that domain. Using standard rules of probability, this can be re-expressed as a sum of probabilities of having an AE conditional on whether one does or does not meet the trigger:
In practice, the implication of using a trigger-based design is that only AEs in persons who meet the domain-specific trigger are observed. This is illustrated in Figure 1 for a hypothetical study of 1,000 subjects, of whom 100 (10%) meet a trigger and 30 (30% of persons meeting a trigger) have the defined AE. The shaded boxes in Figure 1 indicate outcomes that are not observable because the children not meeting a trigger would not have undergone the additional evaluations necessary to determine whether they have an AE. Assuming that the sensitivity of the trigger is high (or equivalently, that PrðAE j TÞ % 0), the AE probability can be approximated by just the first term in equation 1 above:
For the hypothetical study in Figure 1 , the prevalence of AEs for this domain would be approximated as p u ¼ 0.03 (¼ 0.10 3 0.30). AE rates approximated under the assumption of high sensitivity will generally underestimate the true AE rate. However, if the sensitivity of the trigger for the AE, S ¼ Pr(TjAE), is known or can be estimated based on prior data, then an adjusted prevalence, p a , can be calculated as:
For the hypothetical example shown in Figure 1 , the sensitivity of the trigger is
If the sensitivity is known, then the adjusted prevalence above will be unbiased for the true AE rate. The adjusted prevalence may be biased if the wrong sensitivity is used, and such bias could result in either an underestimation or an overestimation of the true AE rate.
Although the estimated AE rate may be slightly biased if the sensitivity of the trigger for the AE is unknown, it will typically have greater precision than that from a study design that includes a randomly selected subset of the same size. In general, if the adjusted prevalence, P a, can be estimated using a known or unbiased estimate of the sensitivity, then the asymptotic relative efficiency (ARE) of the trigger-based design relative to the random subset design, given the same sample size on which AEs are evaluated, is ARE ¼ 1/p T , where p T ¼ Pr(T). If the sensitivity is unknown and the unadjusted prevalence p u is used as in equation 2, then comparisons of the 2 approaches can be made via the mean squared error (MSE):
The ratio of MSEs for random versus trigger designs, given a fixed sensitivity S, can be expressed as:
The MSE ratios for the random subset approach versus the trigger approach are shown in Figure 2A as a function of trigger sensitivity and trigger rate, assuming a fixed sample size of 1,000 and an AE rate of p AE ¼ 0.04. MSE ratios greater than 1 indicate greater efficiency of the trigger-based design (i.e., smaller MSE). Even when the unadjusted prevalence is biased, the trigger design often yields AE event rates that have smaller MSEs for most reasonable scenarios in this range of sample sizes. With higher trigger probability (p T > 0.3) and lower sensitivity, the random subset design begins to perform as well as the trigger-based design.
Implications for estimating exposure effects on AE rates. The primary objective of the SMARTT Study is to evaluate the association between maternal antiretroviral drug use during pregnancy and AEs in HIV-exposed but uninfected children. As noted previously, the widespread use of antiretroviral drugs during pregnancy makes comparison with an unexposed population impossible; only 4% of mothers in the SMARTT Study were unexposed, and these mothers tended to be different by other measures that could possibly be associated with outcomes. Thus, primary comparisons are typically either between children exposed to a specific Figure 1 . Hypothetical example of a study with 1,000 subjects and a trigger rate of 10% for a particular adverse event (AE). Shaded boxes show unobserved outcomes. Sensitivity of Trigger for AE Ratio of MSEs for Estimating the OR Figure 2 . Efficiency of a trigger-based study design versus random subset design for estimating the rate of adverse events (AEs) (A) and for estimating log odds ratio (OR) (B), based on sample sizes of 1,000 and a true adverse event rate of 0.04. Shown is the ratio of the mean squared error (MSE) of the random subset design to the trigger-based design, with values above 1indicating greater efficiency of the trigger-based design.
antiretroviral drug and children who were unexposed or based on the timing of exposure, such as first trimester use of HAART versus initiation HAART later in the pregnancy. For these comparisons, crude associations can be estimated using relative risks, and given the rarity of AEs in HIV-uninfected children, with odds ratios. If the sensitivity of the trigger is assumed to be the same for both exposed and unexposed participants, then the extent of relative underestimation in the unadjusted prevalence estimates p u,E and p u; E (with subscript E indicating exposed and E unexposed) would be the same for both groups. Thus, the estimated relative risk from the trigger design, RR trig , would be unbiased for the true relative risk, RR:
However, the efficiency of the estimated relative risk will decrease as the sensitivity of the trigger decreases. The ARE of the estimated relative risk based on the trigger-based design as compared with a design in which all AEs are identified (i.e., trigger sensitivity S ¼ 1.0) can be written as:
where
In practice, when event rates are low, this ARE can be approximated by the sensitivity of the trigger, that is, ARE is approximately equal to sensitivity (see Table 2 ).
Adjusted associations can be evaluated by fitting a logistic regression model for the probability of an AE as a function of a vector of antiretroviral exposure X of interest, with appropriate Abbreviations: AE, adverse events; ARE, asymptotic relative efficiency; OR, odds ratio; p u,E , unadjusted prevalence estimates for persons exposed; p u; E , unadjusted prevalence estimates for persons not exposed; RR, relative risk; SE, standard error. a Assuming a background AE rate of 4% and an exposure rate of 50%.
control for a vector of p covariates, Z ¼ (Z 1 , . . ., Z p ), using the following standard modeling framework:
For the purposes of illustration, consider a single exposure, X, representing maternal use of HAART during the first trimester of pregnancy. If a model is fitted to include all participants evaluated for the trigger (whether they meet it or not), the estimated odds ratio will tend to be biased slightly toward the null relative to a design including AE evaluations on the full cohort because of the underestimation of AE rates using p u,E and p u; E . For example, if the true event rate in the unexposed was 0.04 and the relative risk was 2, then the true odds ratio would be 2.087, but the expected odds ratio using a trigger-based design with sensitivity S ¼ 0.75 would be 2.064. In addition, the variance of the estimated parameter b 1 ¼ log(OR) would be slightly inflated because of the smaller expected counts of persons with AEs. Table 2 provides a summary of the bias, asymptotic standard error, and MSE for estimating the parameter b 1 ¼ log(OR) using a triggerbased design (as a function of the trigger sensitivity) for true relative risks of 1.5, 2, and 2.5 and sample sizes of 1,000 or 2,000, assuming a background AE rate in unexposed persons of 0.04 and a 50% rate of exposure. The assumption of a 50% exposure rate is based on the approximate percentage of HIV-infected women with first-trimester HAART exposure among persons with any HAART during pregnancy, whereas a 4% event rate represents a relatively rare event, such as neurodevelopmental delay, for which the power to detect associations is desired. Also provided is the asymptotic standard error for the relative risk under a trigger design along with the AREs forb 1 based on the trigger design relative to the full cohort.
Although the efficiency of estimating the relative risk and odds ratio is decreased when using a trigger-based design, the loss in efficiency using the random subset design is typically substantially greater. This is because the denominator N random ¼ p T N for the random subset design is a small percentage of the total sample size N, based on the percent meeting the trigger. As a result, the variance forb 1 is [1/p T ] times greater for the random subset design than for the full cohort and is substantially higher than the variance for the trigger-based design. For example, if relative risk ¼ 2, p AE ¼ 0.04, and S ¼ 0.75, the asymptotic standard errors Figure 3 . Power for detecting an exposure effect based on a triggerbased design versus a full cohort design and random subset design as a function of sensitivity of the trigger assuming a background adverse event (AE) rate in the unexposed of 4%, n ¼ 1,500, and relative risk ¼ 2. forb 1 are 0.20 and 0.23 for the full cohort and trigger-based design, respectively, but 0.36-0.63 for the random subset design when p T ranges from 0.1 to 0.3. The random subset design thus provides unbiased estimates of exposure effects, but those estimates are highly inefficient. The ratios of the MSEs for estimating b 1 based on the trigger-based design versus the random subset design decrease as the trigger rate increases but are consistently above 2 for all scenarios considered; a representative illustration is provided in Figure 2B .
Implications for testing exposure effects on AE rates. The fact that variances for the estimated log(OR) may be inflated may impact power for testing associations of AEs with exposure. The power for a hypothesis test of H 0 : b 1 ¼ 0 in the logistic regression model given in equation 5 is illustrated in Figure 3 for a sample size of 1,500 and alternative hypothesis relative risk ¼ 2, indicating slight losses in power for a triggerbased study design as the sensitivity of the trigger decreases. In contrast, the power for detecting exposure effects based Abbreviations: HAART, highly active antiretroviral therapy; IQR, interquartile range. a A total of 142 subjects did not report their race and 4 did not report their ethnicity. b Data on gestational age at birth were missing for 238 children and data on birth weight were missing for 143. c Data on maternal viral load were missing for 321 subjects, data on maternal CD4þ lymphocyte count were missing for 282 subjects, and data on maternal percentage of CD4þ lymphocytes were missing for 347 subjects. Maternal health status measures were the latest available before labor or delivery.
d Data on maternal substance use during pregnancy were missing for 291 subjects, primarily because of nonenrollment of mothers in the static cohort.
e Data on maternal antiretroviral drug use during pregnancy were missing for 228 women; all percentages in the table were calculated among those for whom we had data.
on the random subset design is substantially lower. A summary of power for testing exposure effect hypotheses at a ¼ 0.05 is provided in Table 3 for background AE rates of 0.03-0.05 and sample sizes of 1,000-2,000. Power calculations were based on inverting a large-sample test for difference in 2 proportions using the total sample size for the full cohort design and the effective sample size N random ¼ p T N for the random subset design, and assuming true AE rates p A,E and p A; E for the full cohort and random subset designs but unadjusted AE rates p u,E and p u; E for the trigger designs based on trigger sensitivity. All power calculations were confirmed using PASS (Number Cruncher Statistical Systems, Kaysville, Utah). Because our focus is on rare AEs, even the full cohort design requires a sample size of at least 1,500 subjects to provide at least 80% power for detecting an exposure effect of a relative risk of 2 when the background rate is only 3%. The trigger-based design would require an increase in sample size from 1,500 to approximately 2,000 to maintain 80% power under this scenario if the trigger sensitivity was 0.75. However, the random subset design would require a total sample size of 5,000 subjects if the trigger rate was p T ¼ 0.3 and even greater sample sizes for p T < 0.3.
Application to the SMARTT Study. Characteristics of study population. A total of 2,279 subjects enrolled into the SMARTT Study at 22 sites between March 2007 and December 2010. Background characteristics are summarized in Table 4 ; 70% were black and 33% self-reported being of Hispanic ethnicity. There was a high rate of both preterm births (<37 completed weeks of gestation; 21%), and children born at low birth weight (<2,500 g; 19%). Use of illicit drugs was less common than previously reported among HIV-infected pregnant women, with only 3% of mothers reporting use of cocaine or opiates during pregnancy. Overall, 78% of mothers received HAART during pregnancy, with 37% reporting use in the first trimester; further details on maternal antiretroviral drug exposures have been reported elsewhere (26) . The median follow-up as of December 2010 was 33.6 months in the static cohort and 19.2 months in the dynamic cohort. Retention rates were high, with 95% remaining in the study as of December 2010.
The numbers of SMARTT participants who met each of the trigger and case criteria for each AE are shown in Table 5 . Of 2,177 subjects with a study visit, 900 (41%) met at least 1 study trigger. The triggers met most often were the metabolic trigger (27%) and the growth trigger (16%). Based on the percentage meeting the AE criteria among children meeting the trigger (45% and 37%, respectively), the resulting estimated AE prevalences were 12.1% and 5.8% (equation 2).
Unadjusted prevalence estimates for AEs ranged from less than 1% to 12% but are likely to be underestimations of the true AE rates for the reasons noted previously. We also present adjusted AE rates for each domain under the assumption of 80% sensitivity of the trigger for the AE, with 95% confidence intervals calculated using the effective sample size based on the percentage of participants with completed AE assessment among persons meeting the trigger. If external information on trigger sensitivity is available, then the adjusted prevalence would form the most appropriate basis for comparison to other populations, such as children born to women without HIV-infection.
DISCUSSION
We present a trigger-based study design that is useful for evaluation of rare AEs in children exposed in utero to antiretroviral drugs. This design allows invasive or expensive evaluations to be limited to participants who are at the highest risk of experiencing an AE and most likely to benefit from identification of such a problem. It is also more cost-effective than performing detailed evaluations on the whole cohort and reduces site and patient burden. This study design provides a basis for estimating AE rates that are unbiased after correction for trigger sensitivity. The study design also offers several advantages in terms of efficiency and increased power for detecting exposure effects as compared with a study design in which detailed evaluations are conducted on a random subset of enrolled participants.
The ultimate goal of the SMARTT Study is to evaluate the safety of antiretroviral drugs used by HIV-infected mothers. Our results indicate that reasonable power can be obtained when comparing uncommon AEs (4% or higher) between persons exposed to certain antiretroviral combinations or drug classes and those who are unexposed or between persons initiating HAART early in pregnancy versus those who begin later in pregnancy. As newer agents become more widely used, focused monitoring is warranted to evaluate safety in exposed infants; for example, both tenofovir disoproxil fumarate and emtricitabine were approved relatively recently but are now used by almost 40% of pregnant women (26) . For certain agents of particular concern, such as efavirenz, which has been contraindicated during pregnancy because of its teratogenic risk (27) , the limited percentage of infants exposed in utero (<5%) may limit the power of the triggerbased design to detect associations with rare AEs. Other combinations of interest, such as zidovudine plus lamivudine, are still widely used but have been suggested to increase the risk of mitochondrial dysfunction (18); our design would provide adequate power to detect differences in rare AEs, such as impaired growth between persons exposed (73%) versus persons not exposed to zidovudine plus lamivudine. Finally, although an ideal comparison group may be infants who were exposed to HIV but not antiretroviral drugs, this comparison group no longer exists in high-resource settings.
The trigger-based design results in a slight loss of power as compared with a full cohort design and is therefore most suitable for outcomes that cannot be easily determined in all enrolled participants; thus, it may not be appropriate for outcomes such as congenital anomalies, preterm birth, or intrauterine growth retardation. Many postmarketing studies for reviewing drug safety use spontaneous reporting approaches (19-21, 28, 29) , but the relatively small percentage of women exposed to antiretroviral drugs in the general population along with the wide range of domains of interest makes reliance on traditional voluntary reporting methods untenable in this setting. Trigger tools have been widely used to identify AEs and medication errors in hospital settings in both adults (30) (31) (32) and children (33, 34) and have identified substantially higher AE rates than have standard hospital-based reporting systems (35, 36) . In a recent review of medication safety assessment methods, use of a trigger tool was found to be the most effective and labor-efficient method, although voluntary ''incident reporting'' better identified high-severity AEs (37) .
The trigger-based design has some similarities to designs based on outcome-dependent sampling, which have also been shown to be cost-efficient (38) . However, in outcomedependent sampling approaches, one typically over-samples from known cases and then retrospectively determines exposure levels (e.g., the familiar case-control design). In the trigger-based design, one selects observations for evaluation of the outcome within a group expected to have a higher risk of the outcome based on an auxiliary variable (39). Schildcrout and Rathouz (40) describe a design for longitudinally assessed binary outcomes in which some participants are selected for follow-up based on referral for psychiatric outcomes (high risk), whereas other participants come from a group of nonreferred children (low risk). They propose a semiparametric modeling approach based on generalized estimating equations under the assumption that the analyst can specify the prevalence of the outcome (similar to specifying the sensitivity of the trigger in our approach).
One limitation of our approach is that the ARE and power calculations provided here assume that the trigger sensitivity is known without error. Extensions of these calculations are required to account for random variability in the trigger sensitivity, particularly if it is estimated from past studies or concurrent data. For example, the trigger-based design we describe could potentially be modified by including a random sample from the entire cohort without regard to trigger status, thus allowing estimation of the trigger sensitivity. If known or estimated trigger sensitivities are unavailable, we recommend considering a range of possible sensitivities to allow evaluation of the impact on estimation and testing of exposure effects. In summary, use of a trigger-based design shows great promise as a cost-efficient strategy for monitoring rare AEs or diagnoses that can only be identified using invasive or expensive assessments and provides a foundation for future analyses evaluating associations with exposures.
